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THEORETICAL COMPUTATIONS OF SOUND REFLECTION
FROM A LAYERED OCEAN BOTTCM

INTRODUCTION

The U. S. Naval Oceanographic Office is engaged in o program to de~
termine the influence of bottom composition, structure, and topography on
sound reflection from the ocean botiom. As one step towards accomplishing
this objactive, a computer program was prepared to enable iheoretical investi~
gotions of the effect of layered sediments on sound reflection. The computer
mathematical mode! permits detailed and systematic calculations of bottom re-
flection coefficients and bottom reflection loss as the following factors are varied
parametrically: number of reflecting layers, layer thickness, sediment sound
velocity, density, sediment absorpticn, and frequency. This paper will iliustrate
how a layered ocean bottom model can be used fo develop an understonding of
ocean bottom reflectivity.

DESCRIPTION OF COMPUTER PROGRAM

The computer program computes the complex retlection coefficient, phase
shift, and reflection loss for a plane wave obliquely incident on 2 layered ab-
sorbing bottom. Expressions for the reflection coefficient are derlved from the
wave equation by utilizing steady state solutions to the differential equation for o
"Voigt Liquid." Matrix algebraic operations after the method of Haskell (1) are
employed.

The mathematical derivation assumes a multilayered ocean bottom in which
the sediment layer thickness (D), sound velocity (C), density ( P), ond absorption
(a) are assigned arbitrary values. The number of layers considered is not limited
and the lowermost layer in the sedimentary sequence is considered to be semi~
infinite. The sedimentary layers are assumed to be fluld; that is, the shear mod=~
vlus [L = 0. The layers are further assumed to be absorbing and to have plane
parallel Interfaces. The pressure and particle velocity are continuous across the
interfaces between the loyers.

The computer program was developed and written by Dr. Jomes Dorman, as
a consuitant to Alpine Geophysical Associates (2), under contract to the U. S.
Naval Oceanographic Office. A detailed discussion of the theory involved in
the development of the program can be found in reference (2). The following
equations are presented as background information as the fundamental relation=
ships utilized in developing the layered model.
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The velocity potential of compressional waves that travel in the fluid
must sotisfy the differential equation for o “Voigt Liquid,"
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(1a)

I _ e e n_ 0 A oal N
-—a—;z..av ¢+Q~é-t- V%, ct‘:-;,c".:-’;- (‘b)

A solution of the differential equation #s

$= (AA) exn (iwt)

exp [~i(x+z tane)
exp [~ib 1~z fane)] @

where the temms of $ contoining A and A" represent oblique downgoing and
upgolng waves, respectively, and x  z hwn e represents the horizontal dis~
tozice the wave front travels in time ¢.

Substituting equation 2 in equation 1b leads to

Wi L(a?+iwa?)(i+tands), )

This equation s satisfied by complex [ . Substituting L:M 't In equation
3 ylelds

2812
K. i:—; cosle [H “&:a)z} i
2[1+(4%)"]
and 4
2\
r‘:'%:' coa’e [H(%%z)‘] -
a[:-}(%’; 2]

where the negative root of - Is taken to represent attenuation in the direction
of propagation and the positive root of ;i represents the horizontal wave number.
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The expression for the velocity potential is used to write a matrix to solve
for the downword particle velocity and fluid pressure. By matrix inversion an
expression for o fluid layer with Voigt~type cttenuation Is arrived at, and by
means of recurrent matrices the reflection coefficient for an ucoustic wave re-
flected from n layers is determined.

The computer program was written in Foctron 11 for an IRM 7074 computer.
There are two types of input cards for the program. The firs? type specifies the
four parameters of each layer ond one card per layor is used. The parameters
specified are layer thicknass, layer sound velocity, density, and absorption.
The absorption constant Is specified as an cmplitude per uait length, such as
decibels per meter.

The second type of card is a frequeacy card which specifies the frequency in
cycles per second.

All layer cards occurring in a continuous sequence are considered to be layers
of a single model. The first card is trected as the first layer below *he ocean bot=
tom and the lost cord is treated as o semi=infinite half space. The sound velocity
and density of the water layer are fixed in the program but may be readily changed
to any values.

The output consists of completely annotated tables of reflection coefficients,
phase shifts, and reflection loss at grazing angle intervals of 1 degree. This in~
terval may be eosily changed as desired.

TYPICAL COMPUTED CURVES

All of the computed curves illusirated in Figures 1 to 11 were arrived at by
assuming or inventing typical ocean bottom conditions. The values used for sedi~
ment sound velocity are consistent with the data of Hamilton et al. (3), Shumway
(4), ond Sutton et al. (5). This was done to facilitate the computations and to
permit sach of the specified variables to be varied parametrically. By so doing
a systematic investigation of the effect of fraquency, sediment sound velocity,
layer thickness, absorption, and the number of reflecting layers on sound reflection
from the ocean bottom can be performed. While it Is apparent that many com=
binations of thete variables may exist it Is possible, at this time, to present only
a limited number. Each of the figures presents curves of bottom reflection loss as
a function of grazing angle for a given set of conditions, The fzllowing units
should be used when referring to the illustrations: sound velocity (C) In feet per
second, density (P) in grams per cubic centimeter, layer thickness (D) in feet,
and absorption (a) in dacibels per foot.
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Figures 1 to & reprasent computed lass values for a three layer model in
which the thickness of the second layer was arbitrasily specified as 5 fset. In
addition, for this model the botton: wes assumed o be nonabsorbing (@ = 0). In
all cases the first layer specified (layer 1) represants the semi=Infinite water
layer overlying the first sedimen: layer (layer 2.

The dependence of bottom refisction loss on frequency for a layered ozean
bottom can be sven in Figures 1 and 2. A comparison of the i, 4, and 12 ke
traces In thess figures shows thet os frequency Incieases reflaction loss becomes
move dependent on grozing anrle. The obscrved dependence results from inter=
feronce effects produced by rv.fiections from the water~sediment Interface and
frorn the subboitom layer, and is seen to occur as fluctuations in the reflecti n
loss curve as a function of gmzing angle. In Figure 1 the 1 ke cuive appears ¢ s
a smoothly oscilloting curve with 2 peaks; the 4 kc curve has 6 peaks; and the 12
ke curve Is rapidly oscillating with 18 peaks. The voriaiions In reflection loss
with grozing angle range from a low of 5 declbels at 1 ke to a high of about 18
dectbels at 12 k. Since the botiom was specified to be nonabsorbing, total re~
flection occurs ot the critical angle. Flgure 1 represents a mode! where C,, is
the maximum velocity and C,, the minimum velociiy (C3>C >C,), while in
Figurs 2 C, Is the maximum velocity and C,, the minimum (‘C >% >C,.). The some
frequency 3opmdance itlusirated in thure% Is scen in Flgure 2, buf the ampliivde
of the fluctuations Is nci as larga. The maximum variation is abour 8 dectbels
and ot a grazlng angle of about 35 degrees the cscillations are almost completely
dampened. These figuras indicate that o layered oceon boitom can explain fluctua=
tions in bottom reflection loss as a function of grazing angle and thet, for a non=-
absorbing bottom, reflection loss date need not exhibit a uniform dependence on
frequency.

The effect of sound velocity veriaiions in layer 3 (C,,) con be estlmated from
an examiration of Figures 3 and 4. Except for shifts In fge critical angle tha shape
of the curves remalns relativaly the same as C,, Increcses; however, there are notice-
able differences in tha amplitude of the fluctuations that appear to be controlled by
C.,. It can be seen in Figure 3 that for angles less than 30 dagrees the refleciion

Iss Incroases for decreasing values of C... A transition zons Is observed at 30 de~
grees. For ongles greater than this the dmplitude of the ascillations increase as

C., incroases and the moximum and winlmum loss values, in this region, are associated
w?rh incraasing C... The smooth curve In this figure reprasents a two layer model
formed by layers ?and 3 for C,, = 5200 fee}/ second. It Is apparent that the two Ir yor
mode! determines the m!nimum??on or lower limit of the three layer case. It should
be noted that C,, is the minimum velocity In Figure 3, whereas C_ is the minimum in
Figure 4. Figure 4 mere dramatically illusirates the Increase in f‘\e omolitude of the
fluctvations as C3 increases.
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Figures 5 and 6 demonstrate the importonce of layer 2 sound velocity (C,)

in computing reflection loss. In Figure 5C 23Car but Py c <Py C As C C, =
creases the number of oscillations Increase, whi?e the ompl?iude decrooses. in

the next illustration (Figure 6) the maximum velocity is determined by C, and

the same dampening effect observed in Figure 2 can be seen again. This smoothing
effect is soen %o shift towards the higher grazing angles as C2 increases. As in
Figure 5 the amplitude of the fluctuations decreases as C2 increases .

The influence of layer 2 tl ickness, in a three layar model, is shown in Figure
7. The layer thickness was varied with respect to wavelength. As the thickness
Increases from a quarter. wavelength to 8 wavelengths the reflactivity curve changes
from a smooth curve to one having 10 peaks. As expected, for normal incidence
{90 degrees), a moximum loss value is obtained for the quarter wavelength and a
minimum volue for the half wavelength layer,

Figure 8 illustrates the result of increasing the number of reflecting layers to
five. As was the case in Figures 1 and 2 the fluctuations increase es the frequency
increases; however, in this case the reflectivity curves are not nearly as orderly.
This results f-om rhe interference effects produced by four reflecting Interfaces as
the grazing angle varies.

To illustrate the offect of absorption in the sediments on the bottom reflection
curves, Shumway's (4) 20 to 40 kc absorption data were extrapolated according to
a squore root, first power, and square dependanc on frequency. The results of
this test are illustrated in Figures 9, 10, and 1Y. For the case of refleciion with
absorption there is no critical angle ond the reflection never becomes total. This
is tllustrated in Figure 9 for 1 kc. Absorption not only eliminates the eritical angle
and Increases the loss values for angles less than 30 degrees, but also tends te dampen
the fluctuations. This is mest noflceable for the case of a = 0,261 declbel per foot,
where the peak loss at 45 degrees of about 26 decibels for a = 0 dec-eases to about
19 decibels. As tha absorption decreases this effect becomes less noticeable. Figure
10 deplcis this same effect ot 4 kc. Notice the extreme dampening for a < 1,01
decibels per foot. For a = 0,108 an additional peak has formed in the region less
than the critical angle. Figure 11 represents a situation where D was increased to
about 20 feet as compared to 5 feet in Figure 10. The number of oscillatfons has
increased and the effect of absorption is noticeable by the dumpened peaks. It ap~
pears that absorption tends to eliminate some of the effects of constructive and de~
structive Interference, particulorly for larger values of absorption.
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COMPARISON WITH EXPERIMENTAL DATA

In on attempt to establish the usefulness of the layered madel for predicting
reflection loss a comporison was made of measured loss volues obtained in o water
depth of about 2800 fathoms, in the Haiteras Abyssal Plain, with values computed
from a short sediment core, A 2.5 foot core was taken af the location of a set of
6 kc bottom loss measurements made with explosive sound sources. The sediment
grain size, porosity, density and various other physical properties :.ere mecsured
directly from the core. The Shumway semi-empirical relaticnship hetween porosity
and vslocity wos used to com.pute sediment sound velocities. As indicared by
Homilton (6) these velocities were then corrected for the differences in temperaiure
and pressure between Shumway's laboratory measurements and In situ conditions.
Wilsen's (7) fables for the speed of sound in sea water were used to make this
correction. Absorption values were extrapolated from Shumway's high frequency
data according to the first power frequency relation used by Mackenzie (8) and
Cele (9). The measured density and estimated acoustic properiies were then used
to establish five thin layers for use in the - 'el,

A comparison of the predicted aic . -iuved loss values at 6 ke is presented in
Figwe 12. Except ai a grazing angle of 70 degrees the overall agreement appears
to be good. The meawsred values represent the reflection loss at the water-sediment
interface and the short core used foi the computations should be adequate due to
the extremely short pulse of the exolosive sound source.

A similar comparison of computed and measured losses was mode for a set of
3.5 ke measurements made In about 2800 fathoms of water In the Solm Abyssal
Plain. A short core was olso used for the computations and the results are presented
in Figure 13, The overall agreement between the computed and measured loss
values appears to be quite good.

Other unpublished comparisons do not always exhiblt such agreement; how=
aver, this does not necessarily suggest o deficlency in the theory or model, but
may very well indicate that not enough Is known about the exact relationships
between the acoustic and physical properties of botiom sediments. While the
studies presented In referances 4, 5, and 6 ore excellent studies cne has only to
compare the results of each to see that differences exist between the various en~
vironments sompled and that a universal relationship between the acoustic and
physical properiles of bottom sedimants probably does not exist.

17
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SUMMARY

A compuisr mode! has been developed to permit systematic theoratical in=
vestizatlons o eid in the interpretaiion and prediction of ocean boitom raflec-
tivity. In addition; such a model can be of value in planning acoustic measurement
progicms. The iayered oceen botiom mode! can bs used to explain the effect of
frequency, layering, and sediment properties on boitom reflection loss os o function
of grozing angla.

Theosetical computations can be used for interpraiing acoustle daia for the
purpase of definiag the acoustic propaitles of bottora sediments; however, extreme
core must be exercised vhen so doing, as it is apparent thai various combinctions
of sound velocily, dansity, absorpiion, and layer thickness can produce the same
reflectivity curve.

Limited comprarisons of compuied and muasuied reflectivivy in abyssal plain
regions have shown that experinmentel dota ore consivient wirh a modet that con~
siders the ocean bottom 1o bo Hut, absorbing, leyered, and fluld. The usefulness
of the model fur prediciing bottom refleciivity is limited by cur knowledge of the
axact propesiies of the oceen botiom. »
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